The potential for nanomaterial (NM) translocation to secondary organs is a realistic prospect, with the liver one of the most important target organs. Traditional in vitro or ex vivo hepatic toxicology models are often limiting and/or troublesome (i.e. short life-span reduced metabolic activity, lacking important cell populations, high inter-individual variability, etc.). Building on previous work, this study utilises a 3D human liver microtissue (MT) model (MT composed of mono-culture of hepatocytes or two different co-culture MT systems with non-parenchymal cell (NPC) fraction sourced from different donors) to investigate the importance of inter-donor variability of the non-parenchymal cell population in the overall governance of toxicological response following exposure to a panel of NMs. To the best of our knowledge, this is the first study of its kind to investigate inter-donor variability in hepatic NPC population. The data showed that the Kupffer cells were crucial in dictating the overall hepatic toxicity following exposure to the materials. Furthermore, a statistically significant difference was noted between the two co-culture MT models. However, the trend for particle-induced biological responses was similar between the co-cultures (cytotoxicity, cytokine production and caspase activity). Therefore, despite the recognition of some discrepancies in the absolute values between the co-culture models, the fact that the trends and patterns of biological responses were comparable between the multicellular models we propose the 3D liver MT to be a valuable tool in particle toxicology.
. Unfortunately, the same unique physicochemical characteristics (small size, charge, shape, solubility etc.) which make NMs sought-after might also contribute to their toxicity and conceivable adverse effects. With the inevitable rise for public and occupational exposure from increasing production and utilisation of NMs, there is an imperative need to consider the potential detrimental health consequences of material exposure [3] [4] [5] . The lungs and the gastrointestinal tract are are the primary exposure sites for NMs 3, 6 . However, it is well established that a proportion of NMs can translocate to a range of secondary sites with the liver being one of the most important (the organ has been demonstrated to be an important accumulation site for materials as compared to others) 4, [7] [8] [9] [10] . Furthermore, the constant enhancement in the development of nanomedicines will result in direct entry of NMs into the bloodstream. This will result in the materials reaching the liver rapidly and in large quantities 4, 7 . The liver is the bodies' main detoxification centre, removing xenobiotics and waste products 11 . The organ is composed of distinct populations of cells, amongst which the hepatocytes (parenchymal cells), the resident macrophage population (Kupffer cells -KCs) and sinusoidal endothelial cells are amongst some of the most important [12] [13] [14] . In particular and of huge significance in particle hepatotoxicity is the fact that the KCs line the liver sinusoids. This locality means that these cells have constant contact with gut-derived antigens as well as any material, which might reach the organ from the bloodstream. Additionally, once activated KCs are amongst the most important cell populations in the modulation and governance of overall hepatic immune response in the non-diseased organ 14, 15 . Based on the progression in the field of nanotoxicology over the last decade, it would be reasonable to state that in all reality, any potential NM-induced adverse effects in the liver would only occur after long-term chronic exposure in man. Therefore, it is essential to establish more advanced, physiologically relevant in vitro assessment tools for improved prediction of the adverse effects caused by chronic NM exposure in humans. The utilisation of human primary hepatic cells is the closest representative in vitro model for the human liver. However, these cells are phenotypically unstable in 2D cultures and have a very limited life-span (typically no longer than 7 days -with continued reduced viability, functional and metabolic activity). In addition, there is large variability between primary cells sourced from different donors [16] [17] [18] . Moreover, in most traditional 2D hepatic models, non-parenchymal cell (NPC) populations are not included or considered.
The aforementioned inter-individual variability is one of the prevalent drawbacks of the use of primary cells for metabolic or toxicological studies (in particular immune cells [19] [20] [21] ). Understanding the patterns and the nature of biological responses from the immune cells (KCs in the liver) sourced from different individuals is critical for good experimental design and more accurate in vitro to in vivo data extrapolation.
In an attempt to address this issue, this study was designed to scrutinize a scaffold free 3D liver microtissue (MT) model composed of primary human hepatocytes and primary human liver-derived NPC (particular attention on inter-individual variability in the NPC population). To best of our knowledge, this is the first study, to investigate the importance of the role of KCs in the particle-induced hepatic inflammatory response in vitro, as well ascertaining the significance of inter-donor NPC sub-population variability in the toxicological response from the liver. In this study, three different MT models were utilized: (1) MT composed of mono-culture of hepatocytes (pooled from 10 different donors) (2) co-culture MT composed of multi-donor primary human hepatocytes and NPC fraction from donor 1, while (3) co-culture MT is composed of multi-donor primary human hepatocytes and NPC fraction from donor 2. Increased knowledge of the biological capabilities of the test model systems will no doubt be critical for better understanding the outcome of experiments intended to evaluate liver-specific function and toxicity and prove invaluable in future study design.
In these experiments, the MT were exposed to a panel of four NMs with different physicochemical properties -namely -a multi-walled carbon nanotube (MWCNT), silver (Ag), titanium dioxide (TiO 2 ) and zinc oxide (ZnO) (all Tier 1 NMs in H2020 funded PATROLS project 22 ). The materials are representative of NMs currently incorporated in various consumer products including sunscreens, cosmetics, clothing and sporting goods 2 . The toxicological effects of the NMs was assessed on the different human liver MT following a singular or repeated exposures for up to 7 days. It is important to clearly state that the focus of this study is predominately on the three different MT models and not on the toxicological profiling of the NMs.
Material and Methods
Liver MT maintenance. In these experiments a total of thirty 96 well MT plates were utilized: (1) 10 × 3D InSight ™ multi-donor human liver MT containing primary hepatocytes in mono-culture (hepatocyte lot IPHH_11 (pooled cells from 10 donors)) (InSphero AG, Switzerland); (2) 10 × 3D InSight ™ multi-donor human liver MT composed of multi-donor primary human hepatocytes in co-culture with a single donor NPC containing primary Kupffer cells and primary liver endothelial cells (hepatocyte lot IPHH_11, Kupffer cell lot IPHN_12) (InSphero AG, Switzerland) (termed co-culture 1) and (3) 10 × 3D InSight ™ multi-donor human liver MT composed of multi-donor primary human hepatocytes in co-culture with a single donor NPC (hepatocyte lot IPHH_11, Kupffer cell lot IPHN_08) (termed co-culture 2) (InSphero AG, Switzerland) ( Table 1 ). The InSphero MTs is a commercial product with the company sourcing cryopreserved primary cells from different suppliers, where "Ethics Policy Statements" provided by the primary cell supplier confirm adherence to ethical standards (no additional institutional approval was required for these experiments). www.nature.com/scientificreports www.nature.com/scientificreports/ The human liver MT (both mono-culture and co-cultures) was maintained in complete medium (3D InSight ™ human liver maintenance medium -AF (InSphero AG, Switzerland)) at 37 °C, 5% CO 2 , 95% humidity with the medium exchanged (70 µl per well) on the day of arrival and every 2 days thereafter (50 µl per well).
It is important to state that the MT have been thoroughly characterised (histology, albumin production and basal and inducible cytochrome P450 activity) for up to 5 weeks in culture; with the data reported elsewhere 23 . Nanomaterials. The NMs were sourced as follows: TiO 2 (JRC Nanomaterials Repository -Italy, JRCNM01005a), ZnO (JRC Nanomaterials Repository -Italy, JRCNM01101a), Ag (Fraunhofer IME -Germany, NM300-K) and MWCNT (National Research Centre for Working Environment -Denmark, MITSUI-7). The NMs were sub-sampled under Good Laboratory Practice conditions and preserved under argon in the dark until use (with the exception of the MWCNT).
Characterisation of the panel of NMs.
A summarised list of the measured physical and chemical properties of the selected NMs has been re-produced from previous work [24] [25] [26] (Table 2) . Furthermore, the hydrodynamic size distributions of the NMs dispersed in complete medium were determined at a concentration of 25 µg/ml by Dynamic Light Scattering (DLS) using a Zetasizer Nano-ZS (Malvern, USA) ( Table 2 ). The employed instrument can recognize particles in the 0.5-6000 nm range. Finally, a Pierce LAL Chromogenic Endotoxin Quantitation Kit (Thermo Scientific, UK) was utilised to test for possible endotoxin contaminations of the tested NMs. The kit was used according to the manufacturer's guidelines.
NM dispersion and treatment. NMs were prepared following the NANOGENOTOX dispersion protocol 27 . Following the sonication step, all materials were immediately transferred to ice before being diluted in complete medium just prior to the experiments. In this experiment, five NM concentrations were used: 1.5, 3, 6, 12 and 25 µg/ml (total volume of 50 µl added to each well) as well as negative (cell culture medium) and positive (1% Triton-X or Camptothecin) (Sigma, UK) controls. The first NM exposure took place 48 hr after the MT was received. For each treatment, five MT were used and all experiments were repeated on three separate occasions (15 wells − 5 wells for each material concentration or control on three occasions). The material treatment regimes in the singular and repeated exposure experiments are summarised in Table 3 . To avoid potential complications with aging of tissue between different plates, the three NM treatment repetitions were carried on the same day (morning, lunchtime and late afternoon -with a fresh NM batch prepared for each exposure as described above). Importantly, all concentrations are expressed as µg/ml. The principal reason for this is that the liver cells are clustered in spheroids and expressing the doses as µg/cm 2 would not be appropriate.
Adenylate kinase (AK) assay. The loss of cell membrane integrity was evaluated utilising a ToxiLight ™ bioassay kit (Lonza, USA). Briefly, 20 µl of cell supernatant was transferred to a luminescence compatible plate before the addition of 80 µl of AK detection buffer. The plates were incubated for 5 min at room temperature and luminescence measured. Triton-X was utilised as a positive control in the cytotoxicity assay (24 hr exposure) 28 . www.nature.com/scientificreports www.nature.com/scientificreports/ Cytokine secretion. The levels of human interleukin (IL)6, IL8 and IL10 secreted from the MT was determined in the cell supernatant using R&D Systems magnetic Luminex ® Performance Assay multiplex kits (bead based immunoassay; Bio-techne, USA) according to the manufacturers instruction. The proteins were detected via a Bio-Rad ® Bio-Plex ® MAGPIX multiplex reader. The technology is constructed on the use of analyte-specific antibodies pre-coated onto magnetic microplates embedded with fluorophores at set ratios for each unique microparticle region.
Albumin production. After exposure the supernatants (from both the control and treated cells as described above) were collected and stored at −80 °C. The supernatants were centrifuged at 1000 g, diluted two fold and albumin levels determined by ELISA according to the manufacturer's instructions (Bethyl laboratories, USA) 28 .
Caspase activity assay. Caspase-Glo ® 3/7 reagents (Promga, UK) were prepared according to manufacturer's instructions. For these experiment 6 µM of Camptothecin (inducer of apoptosis) was used as positive control (24 hr exposure). Following the exposures, the MT were removed from the incubator and allowed to equilibrate to room temperature. At this juncture, 50 µl of Caspase-Glo ® 3/7 reagent was added to all wells before incubation at room temperature for 90 min. The well contents were transferred to a luminescence compatible plate and measured using a luminometer.
Statistical analysis. All data are expressed as mean ± standard error of mean (SEM). For statistical analysis, the experimental results were compared to their corresponding control values using full-factorial ANOVA with Tukey's multiple comparison. All statistical analysis was carried out utilizing Minitab 18. A p value of < 0.05 was considered to be significant. The experiments were repeated on a minimum of three separate occasions (n = 3).
Results
Characteristics of pristine and dispersed NMs. The NMs utilised in this study were thoroughly characterised by a permutation of analytical techniques which have been described previously [24] [25] [26] and reproduced in Table 2 . Furthermore, to investigate how the NMs behaved in the liver maintenance medium, the hydrodynamic size distribution of the materials was investigated (Table 2 ). In addition, no endotoxin contamination (≤0.25 EU/ ml) was detected in any of the NM suspensions.
Impact of NM exposure on MT cell membrane integrity. The AK data showed a concentration and time dependent decrease in cell membrane integrity following repeated exposure to the NMs (Fig. 1) . These effects were more evident after exposure to the ZnO and Ag NMs at 72 and 120 hr (Fig. 1b,c) (p < 0.05). Importantly, a LC 50 was not reached for any of the NMs at any of the time-points or concentrations investigated. Interestingly and crucially, the general NM toxicity profile over time was greater for the two co-cultures as compared to the hepatocyte only MT. This increase in toxicity could potentially be explained by enhanced uptake of NMs by the phagocytes in the co-cultures. Furthermore, the NM-induced cell death was more notable in the co-culture 2 (KC from donor 2) as compared to co-culture 1 (KC from donor 1). Importantly, no NM interference was noted with this assay 35 . www.nature.com/scientificreports www.nature.com/scientificreports/ Cytokine secretion from liver MT following NM exposure. Next, the changes in cytokine production levels (IL6, IL8 and IL10) following NM exposure was assessed within the supernatant of the material treated liver MT. IL6 is an important mediator of innate immunity. The protein is secreted by macrophages; and instigates various innate immune signalling cascades resulting in an augmentation of inflammatory responses and cell recruitment. IL6 is also essential for liver regeneration 29 . Furthermore, IL6 is responsible for stimulating acute phase protein response form the liver as well as the production of neutrophils in the bone marrow 30, 31 . IL8 is a potent chemokine, important in the activation and migration of a wide variety of inflammatory cells governing innate immunity, hence crucial in the initiation of an inflammatory response 32, 33 . IL10 is a multi-functional cytokine with a wide and diverse range of effects. The cytokine's main function is to terminate inflammatory responses 34, 35 . The cytokine plays a crucial role in the differentiation of regulatory T lymphocytes, involved in the control of inflammatory responses and development of an immune tolerance 35 . For the single treatment experiments, an increase in IL8 was observed for three of the four NMs in a concentration-dependent fashion (with the exception of TiO 2 NMs). No discernible pattern was notable between the mono-culture and the co-culture MT (although a number of statistically significant differences were recorded i.e. Ag NM − 6 µg/ml) (Fig. 2a) . Unsurprisingly, IL6 secretion was only observed in the co-cultures and most evident for the Ag NM at 24 hr exposure (Fig. 2b) . Moreover, no IL10 secretion was detected from either the mono-culture or co-culture MT at 24 hr (data not shown). At 72 and 120 hr, a similar a pattern was observed for the IL8 and IL6 secretion from the MT (albeit at higher concentrations compared to 24 hr exposure) (Figs 3a,b, 4a,b) . Interestingly, at 72 and 120 hr there was an additional IL10 response (Figs 3c and 4c) , which was most significant following exposure to the Ag NMs (Fig. 3c (p < 0.005 ) and 4c (p < 0.005)). It is important to state that IL6 and IL10 release profiles was generally higher for co-culture from NPC fraction donor 2 compared to donor 1 (similar pattern as observed for the cytotoxicity data). Finally, it is worth mentioning that the NM-induced IL10 secretion levels in this set of experiments was considerably lower than our previously published work 36 . Some of the potential reasons for these differences are discussed in upcoming sections.
Albumin production by human liver MT. Next, NM-induced effects on albumin production (as a marker of hepatocyte function) was investigated at 24 hr or 120 hr, with a low and high concentration (3 and 25 µg/ml) selected for each NM. The data showed that there were no significant changes at either of the investigated concentrations or time-points following exposure of four NMs. Furthermore, no significant difference between albumin levels was noted between the mono-culture and co-culture MT (data not shown).
Caspase activity in the NM exposed MT. Caspase 3/7 activity was monitored in the NM-exposed MT or the controls at 24 hr and 120 hr (Fig. 5) . As expected caspase activity was greater at 120 hr compared to 24 hr where NM-induced cell death was greater (most noticeable for the Ag and ZnO NMs). Overall, this data set showed very good correlation with the cytotoxicity results suggesting that apoptosis might be one of the mechanism of NM-induced cell death. This is not surprising, as we have previously shown that the Ag and ZnO NMs caused a dysfunction in the autophagy pathway; which proceeded apoptotic cell death in a hepatic cell line 37 . However, it is very interesting to note that the caspase activity was significantly higher in the NM exposed the two co-culture MT compared to the hepatocyte only model. This observation indicates at a significantly increased interaction of the KCs with the NMs and subsequent cell death in this sub-population. These findings clearly highlight the importance of the incorporation of KCs in any hepatic model used for hazard assessment of particulates. Finally, a significant difference in caspase activity was observed between the two different co-cultures following a 24 hr exposure to the Ag NM. Very similar to the observations for the cell membrane integrity and www.nature.com/scientificreports www.nature.com/scientificreports/ cytokine production the co-culture with NPC faction form donor 2 had an increased response following the NM challenge. Although a similar pattern was noted at 120 hr; the differences between the two co-cultures was not statistically significant.
Discussion
This study was designed to assess the importance of inter-donor variability in the NPC cell population in particle-induced hepatic toxicity in a 3D liver MT model. The MT offers a functionally active system in a 96 well plate format with no scaffolds or hydrogels, that utilises primary human hepatic cells. Additionally, the model allows for one MT per well with a defined cell number. The liver cells in this model are viable and metabolically active for long periods, which allows for low dose multiple particulate treatments over a period of weeks. This equates to more physiologically relevant and realistic exposure scenarios and might prove to be a suitable surrogate model for investigating hepatic toxicity and disease progression in vivo. In order to achieve our aims, 3 MT models (hepatocyte only mono-culture and two co-cultures incorporating NPC from different donors) were exposed to a panel of four NMs with different physicochemical characteristics (ZnO, Ag, MWCNT and TiO 2 NMs). The toxicological effects of the panel of NMs was assessed on the human liver MT following a singular or repeated exposures for up to 5 days.
The data from this study showed that the KCs were crucial in dictating the overall hepatic toxicological response following NM exposure (most evident following multiple exposure of the highly toxic Ag and ZnO). Furthermore, a statistically significant difference was noted between the two co-culture MT models in terms of cytotoxicity, caspase activity and cytokine secretion (presumed to be increased interaction or uptake of the materials by the NPC population). Interestingly, a stronger toxicological response was observed for co-culture 2 as compared to co-culture 1 for all relevant end-points investigated. As an important note, the possibility of NM interference with all the investigated toxicological end-points in this study have been assessed as a crucial component of generating standard operating protocols for the PATROLS project.
As touched upon, the focus of this study was solely on the MT models. Therefore, the toxicity of the NMs and the specifics of the end-points investigated will not be discussed in detail. However, it is important to state that the data presented in this study is in good accordance with our previously published work on various hepatic models both in vitro and in vivo (hepatocyte cell lines, primary human hepatocytes, 3D liver MT and healthy and diseased livers in mice) 13, 25, 35, [38] [39] [40] [41] . We believe that the variances in the biological responses between the materials are due to the differences in the solubility of the NMs rather than size effects. Our previous studies have demonstrated that the highly soluble ZnO an Ag induce a stronger hepatic biological response as compared to the low solubility materials (TiO 2 and MWCNT).
KCs (resident liver macrophages) are localized within the lumen of the sinusoids. Importantly, these cells adhere to the endothelial cells that constitute the blood vessels. KCs are the first immune cells in the liver that come in contact with the gut bacteria 42 , and any particulate transported to the liver via the portal vein. Under normal circumstances, KCs play a critical role in maintaining liver immune tolerance (these cells are in a permanent semi-activated state principally due to the continuous exposure to antigens reaching the organ from the gut). However, in pathological conditions, they can be activated and fully differentiate into M1 or M2-like macrophages plating a pivotal role in the induction and amplification of the immune response 43 . Due to their locality in the liver sinusoids (first and most important cell population that encounter non-soluble particulates reaching the organ), it is crucial that KCs are incorporated in next generation in vitro hepatic models for hazard assessment of particles.
The use of in vitro hepatocyte models have been beneficial for the last three decades in research. Conventionally, hepatocytes are regarded as the most important cell population for drugs and chemical toxicity screening. This is understandable as drugs and chemical toxicity is predominately governed by the metabolism of the xenobiotic (frequently the metabolic intermediate substances are hepatotoxic). However, since bio-persistent NMs are not necessarily metabolised by hepatocytes, but rather first interact and/are internalised by KCs 44, 45 the use of hepatocyte only mono-cultures is illogical for particle hepatic toxicity screening. It is not entirely inconceivable that in all reality only a minuscule proportion of the administered/accidental dose of any bio-persistent material would even reach the hepatocytes in vivo. This highlights that a good understanding of the physiology (i.e. locality of cell populations) of the organ of interest is just as important as other well-established parameters (physiochemical characteristics of the materials, dispersion, dose, route of exposure, protein corona, etc.) in a high-quality particle toxicology study.
To date, the utilisation of primary human hepatocytes are the closest representation of the human liver. However, cryopreserved hepatocytes are generally phenotypically unstable, and have a very limited life-span. Moreover, there are significant variations between different human donors 16, 46, 47 . Furthermore, almost all in vivo and most in vitro primary cell hepatic nanotoxiclogy data have been generated using rodent models/cells. This is far from ideal as inter-species differences could prove to be pivotal in time both in the fields of nano/toxicology and nanomedicine. To address the limitations of species and donor variability, the MT utilised in this study, were manufactured using pooled human primary hepatocytes from 10 donors. Importantly, in the manufacture of the MT only suitable donor lots were selected -this was only possible by having access to a large repository of cryopreserved human hepatocytes from commercial suppliers 23 . Very similar to the hepatocytes, the inter-donor variability of primary immune systems is one of the prevalent drawbacks of in vitro experimentation (including the hepatic system). Unfortunately, the necessity for the sourcing and use of NPC from different individuals is completely unavoidable. Therefore, it is imperative that this inconsistency is investigated to establish the biological patterns and the nature of the responses. The information gathered will be extremely important in ascertaining the suitability of the use of test model in question as well as being crucial for good experimental design and more accurate in vitro to in vivo data extrapolation. Our findings in this study showed a statistically significant difference between the two co-culture MT models in terms of cytotoxicity, caspase activity and cytokine secretion. However, for most measurements (NMs, concentrations
